in 1), and 9 false-negatives (anatomic in 7, operator error in 2). Sensitivity was 44% and specificity was 87.5%. For the basilar artery, there were 10 true-positives, 23 true-negatives, 6 falsepositives (unknown cause in 4, hyperemia/hyperperfusion in 1, increased collateral flow in 1), and 3 false-negatives (operator error in 2, tortuous vessel course in 1). Sensitivity was 76.9% and specificity was 79.3%. When the diagnostic criterion was changed to ^80 cm/s (vertebral artery) and £95 cm/s (basilar artery), all false-positive results were eliminated (specificity and positive predictive value, 100%).
Transcranial Doppler Detection of Vertebrobasilar Vasospasm Following Subarachnoid Hemorrhage
Methods Cerebral angiography and conventional handheld transcranial Doppler sonography were compared to determine sensitivity and specificity of transcranial Doppler for detection of vertebral and basilar artery vasospasm.
Results Of 59 consecutive subarachnoid hemorrhage patients with transcranial Doppler angiogram correlations, 42 underwent posterior circulation angiography to evaluate 64 vertebral arteries and 42 basilar arteries during the period of risk for vasospasm and had technically adequate transcranial Doppler examinations within 24 hours of the angiogram. A mean flow velocity of 60 cm/s and above was indicative of both vertebral and basilar artery vasospasm. For the vertebral artery, there were 7 true-positive test results, 42 true-negatives, 6 false-positives (unknown cause in 3, increased collateral flow in 1, adjacent vessel vasospasm in 1, hyperperfusion V asospasm is a common occurrence after aneurysmal subarachnoid hemorrhage (SAH); it is detectable angiographically in 21% to 70% of patients with this disorder. 1 " 4 Angiographic vasospasm tends to occur between days 2 and 17 after SAH, with its maximal severity between days 7 and 12.' 3 Rarely, vasospasm may last for 3 to 4 weeks or even longer. 1 " 3 The overall rate of focal neurological deficits in the 2-week period after initial SAH is 30%, with the etiologic fraction attributable to vasospasm ("clinical vasospasm") being 80%, yielding a cumulative rate of 24% by 14 days. 56 Recent data confirm that vasospasm is the leading cause of mortality (7.2%) and morbidity (6.3%) in survivors of aneurysmal SAH. 7 -8 Transcranial Doppler sonography (TCD) has demonstrated value in the detection of middle cerebral artery vasospasm, 919 with an overall sensitivity of 68% to 94%, specificity of
Angiography
Digital intra-arterial cerebral angiograms were interpreted by one of two neuroradiologists blinded to the patient's clinical condition and to the results of the TCD examination. Orthogonal anterior-posterior or Towne's and lateral projections were used to evaluate for vasospasra with each vessel measured on all views; a view showing the vessel en face was considered most reliable. We used criteria adapted from the NASCET trial 31 to judge whether vasospasm was present in the VAs and BAs. The severity of the vasospasm was graded as minimal (1% to 25% stenosis), mild (26% to 50% stenosis), moderate (51% to 75% stenosis), or severe (>75% stenosis) using a ruler or calipers. The nearest area of the vessel that was not focally narrowed was considered normal in cases of focal minimal, mild, and moderate vasospasm, with a "string" sign used to indicate severe vasospasm. Where possible, luminal diameter was also compared with the contralateral homologous vessel to facilitate classification.
Transcranial Doppler Examinations
We performed conventional hand-held TCD examinations using a 2-MHz pulsed Doppler probe (Trans-Scan, Eden Medical Electronics) by the transforamcnal approach using the method of Aaslid et al. 32 In the present study, we defined the location of the VA at an insonation depth between 60 mm and 79 mm and the location of the BA at an insonation deptĥ 80 mm. The TCD studies were performed and interpreted by examiners blinded to the results of cerebral angiography. Signal from the left or right VA was optimized by sampling at various depths and taking the highest flow velocity (FV) recorded from either the left or right transforamenal approaches, respectively. Signal from the BA was optimized by sampling at various depths and taking the highest FV recorded from either the left or right transforamenal approaches. In each case, the maximal peak systolic FV, end-diastolic FV, and mean velocity from each vessel were recorded. If the time mean FVs exceeded 60 cm/s in a VA or BA, we made the diagnosis of vasospasm by TCD sonography.
TCD-Angiographic Correlations
A true-positive denoted that TCD agreed with angiographically demonstrated vasospasm. A true-negative denoted agreement that both TCD and angiography demonstrated the absence of vasospasm. A false-positive denoted disagreement where TCD suggested vasospasm and the angiogram was normal. A false-negative denoted disagreement where TCD was normal but the angiogram showed vasospasm.
False-positives and False-negatives
False-positives were seen with (1) increased collateral flow in the VA associated with the presence of moderate to severe vasospasm (>50% diameter reduction) in anatomically related or physiologically linked vessels, such as the proximal segment of a large anterior circulation artery or posterior cerebral artery; (2) adjacent vessel vasospasm, denned as the unintended insonation of vasospasm in a nearby vessel; (3) hyperemia/hyperperfusion present when FVs were abnormally high in a VA or BA unassociated with vasospasm or other reason 3335 on day 2 or earlier after SAH; and (4) another or an unknown cause present when no known anatomic or physiological finding could explain the elevated VA or BA FVs.
False-negatives were seen with (1) anatomic factors that included a tortuous or aberrant vessel course that precluded an optimal angle of insonation with resultant underestimation of FVs; (2) proximal hemodynamically significant lesion (£50% diameter reduction) that would cause a decrease in cerebral perfusion 3 *- 40 with resultant lessening of FVs in a vasospastic VA or BA distal to the stenosis; and (3) operator error if there was no anatomic reason or technical difficulty that would explain lack of detection of vasospasm. 
Statistical Analysis
Sensitivity, specificity, positive predictive value, and negative predictive value were calculated for VAs and BAs using the predetermined FV criterion of 60 cm/s. Next, the diagnostic criterion for each vessel was changed, and calculations were repeated at each FV level to maximize specificity. The grades of stenosis for each vessel were then plotted against peak systolic and time mean FVs, and Spearman's rank correlation coefficients were computed.
Results

Demographics of Study Population
Of the 42 patients studied, 12 were men and 30 were women (male-to-female ratio, 1:2.5). The age range was 28 to 70 years, with a mean of 48 years. Patients were studied between days 1 and 32 after SAH (median, day 10; mean, day 10). Table 1 shows the sources of SAH, the number of vessels with each source, and the number of vessels with each source that had angiographic VA and BA vasospasm.
Sensitivity and Specificity
Of the 64 VAs examined in 42 patients, 16 vessels (25%) had angiographically determined VA vasospasm. TCD examination correctly identified 7 of the 16 VAs with vasospasm: 2 of 4 (50%) minimal cases, 3 of 9 (33%) mild cases, and 2 of 3 (67%) moderate cases. TCD correctly determined that 41 VAs did not have vasospasm ( Table 2 ). The sensitivity of TCD in detecting angiographic vasospasm of the VA was 43.8% (7/16). If only cases of mild and moderate vasospasm were considered, the sensitivity was 41.7% (5/12). The specificity was 87.5% (42/48). The positive predictive value was 54%, whereas the negative predictive value was 82%.
The diagnostic FV criterion for VA vasospasm was then varied between 55 and 100 cm/s to optimize specificity. Table 3 summarizes this effect. Sensitivity was maximal (56%) at a FV criterion of 55 cm/s. Specificity and positive predictive value were 100% at a FV criterion of ^80 cm/s. Four vessels had maximal FVs of 65, 62, 77, and 72 cm/s on days 6,12, 11, and 4 after SAH, respectively. If the TCD-angiogram correlation for each of these four vessels had been performed on the day with maximal FV in the respective VA, then the maximal possible sensitivity of TCD for VA vasospasm in this study would have been 11/16=68.8%.
Of the 42 patients examined, 13 (30.9%) had angiographically determined BA vasospasm. TCD correctly identified 10 of the 13 patients with vasospasm: 2 of 4 (50%) minimal cases, 1 of 1 (100%) mild case, 3 of 3 (100%) moderate cases, and 4 of 5 (80%) severe cases. TCD correctly determined that 23 BAs did not have vasospasm ( Table 2 ). The sensitivity of TCD in detecting angiographic vasospasm of the BA was 10/13= 76.9%. If only cases of moderate and severe vasospasm were considered, the sensitivity was 7/8=87.5%. The specificity was 23/29=79.3%. The positive predictive value was 62%, whereas the negative predictive value was 90.7%. The diagnostic FV criterion for BA vasospasm was then varied between 60 and 100 cm/s to optimize specificity. Table 3 summarizes this effect. Sensitivity was maximal (77%) at a FV criterion of 60 cm/s. Specificity and positive predictive value were 100% at a FV criterion of ^95 cm/s. One patient had a maximal FV of 72 cm/s on day 6 after SAH. If the TCD-angiogram correlation for this case had been performed on the day with maximal FV in the BA, the maximal possible sensitivity of TCD for BA vasospasm in this study would have been 11/13=84.6%.
False-positives and False-negatives
For the VA, there were 6 false-positive and 9 falsenegative TCD examinations (Table 4 ). False-positive TCD studies included 3 of unknown cause ( Fig 1A) , 1 related to hyperemia/hyperperfusion, 1 caused by adjacent vessel vasospasm, and 1 attributable to increased collateral flow. In this latter case, minimal vasospasm in the BA, an adjacent vessel, may have contributed to the occurrence of a false-positive result. Seven false-negative TCD examinations were associated with an unfavorable anatomic factor, a tortuous vertical course in 1 and a horizontal course in the others (Fig IB) . In 1 case, moderate vasospasm was present, whereas the other 6 had mild vasospasm. In the 2 other false-negative cases, minimal vasospasm was missed by operator error.
For the BA, there were 6 false-positive and 3 falsenegative TCD examinations. False-positive TCD studies included 5 of unknown cause and 1 attributable to hyperemia/hyperperfusion ( Fig 1C) . In 2 false-negative TCD examinations, minimal vasospasm was present that was missed by operator error (Fig ID) . In the other false-negative case, severe vasospasm was present in a vessel with a tortuous course.
Flow Velocity and Stenosis Severity
The direct correlation between mean FV and grade of stenosis severity (or inverse correlation between mean FV and residual lumen diameter) for the VA was statistically significant (r=.334, P=.OO69; Fig 2A) . Plot-ting the data versus peak systolic velocity revealed a similar relation (r=.347, / > =.0049; Fig 2B) . The direct correlation between mean FV and grade of stenosis severity (or inverse correlation between mean FV and residual lumen diameter) for the BA was also statistically significant (r=.581, />=.0001; Fig 2C) . Plotting the data versus peak systolic velocity again revealed a similar relation (r=.538, P=.0003; Fig 2D) but did not improve the correlation.
Discussion
In the present study performed in the nimodipine era, we show that TCD is relatively insensitive (44%) but has good specificity (87.5%) for the detection of VA vasospasm. For mild to moderate VA vasospasm, TCD appears to have a sensitivity of 41.7%. TCD has good sensitivity (76.9%) and specificity (79.3%) for the detection of BA vasospasm. Moreover, TCD has an 87.5% sensitivity for moderate and severe BA vasospasm, a degree of disease severity with clinical relevance. In several false-negative TCD studies, the correlative angiogram was not performed on the day when maximal FVs were recorded by TCD. If one assumes that angiographic vasospasm was present on the day of maximal FVs, the reported sensitivities of TCD for VA and BA vasospasm may in fact be minimum estimates.
It is well known that the site and severity of vasospasm can be accurately predicted by the amount and location of thick subarachnoid clot, 33 -41 -* 6 although this finding has not been uniformly observed. 47 Our data indicate that angiographic vertebrobasilar vasospasm may occur as a result of SAH caused by anterior and posterior circulation aneurysms, hemoglobinopathies, or unknown cause ( Table 1) regarding the ability of TCD to detect specific degrees of VA vasospasm.
Our study demonstrates a statistically significant, direct correlation between severity of stenosis grade and mean FV in the VAs and BAs. This finding is similar to the relation established for the proximal middle cerebral artery, 131517 -48 -32 internal carotid siphon, 17 and posterior cerebral artery. 13 -17 -52 A considerable spread of the data is present. This may be explained in part by variable resting vessel diameters in the study population, unfavorable anatomic relation leading to measurement error, variable level of cerebral blood flow, impaired autoregulation, variable level of blood pressure at the time of examination, 16 -53 and the less precise method of measuring vasospasm severity used in the present study.
Six of 49 (12.2%) arteries without angiographic VA vasospasm and 6 of 28 (21.4%) patients without angiographic BA vasospasm had false-positive TCD examination results. In 1 patient, increased FVs were present in a VA, presumably to indicate improved posterior circulation blood flow to serve as a collateral effect related to anterior circulation vasospasm. 18 In one patient, increased FVs were present in 1 VA and the BA, presumably due to hyperemia/hyperperfusion on day 1 after SAH. This phenomenon has been described previously in the anterior circulation, 45 but its frequency is unknown. Available data indicate that insonation of an adjacent BA in vasospasm 13 accounted for a falsepositive TCD result for VA vasospasm in 1 patient and may have contributed in another. There is no evidence that insonation of an adjacent vessel in vasospasm accounted for false-positive TCD results for BA vasospasm. It remains to be shown that elevated mean FVs can occur in a hypoplastic VA. For 3 VAs and 5 BAs, the cause of increased FVs is unclear. In 2 VAs and 1 BA, anterior circulation angiography was not performed, and it is possible that vasospasm may have been present at other sites leading to collateral effects. In these cases, it is also possible that VA or BA vasospasm may have been present and not detected because of the relative imprecision of the method used to measure vasospasm and the lack of comparison of the study angiogram with the initial angiogram. 51 -53 -54 The large proportion of false-positive TCD results of unknown cause for both VA and BA vasospasm requires further study.
Nine of 15 (60%) vessels had false-negative TCD examinations for VA vasospasm and 3 of 13 (23.1%) patients had false-negative TCD examinations for BA vasospasm. For 2 VAs and 2 BAs, the operator missed detecting minimal vasospasm. This degree of arterial narrowing may not be sufficient to cause a hemodynamic disturbance leading to acceleration of FVs. 15 In 7 VAs and 1 BA, horizontal vessel course (6 VAs) and tortuous vessel course (1 VA and 1 BA) undoubtedly led to a suboptimal Doppler angle with resultant underestimation of FVs. Our data support the angiographic observations of Ringelstein et al 55 who demonstrated a wide variation in the vertebro-vertebral angle, with 111°t o 150° occurring in 14 of 23 arteries (56.5%), 71° to 110°i n 4 of 23 (17.5%), 151° to 180° in 3 of 23 (13%), and 30°t o 70° in 3 of 23 (13%). Limited data from this study suggests that this phenomenon may be very common, particularly for the VA. In 1 BA, the vasospasm was in the distal third of the vessel, which can be difficult to detect. Since the BA may course from one side to the other, evaluation of the BA from both transforamenal approaches may help optimize the angle of insonation and improve the accuracy of TCD for BA vasospasm.
We have shown that precision in the diagnosis of vertebrobasilar vasospasm by TCD may be enhanced by setting the diagnostic FV criterion at a higher level to maximize specificity. 14 -56 Our data indicate that elevated FVs in the VAs and BAs may in part be due to increased collateral flow or hyperemia/hyperperfusion.
In this study, all false-positives for VA and BA vasospasm were eliminated when the FV criterion was increased to £80 and >95 cm/s, respectively, resulting in a specificity of 100%. We recognize that there is some sacrifice in sensitivity with this more stringent and conservative approach. The finding of a wide range of FVs for any grade of vasospasm severity is consistent with other studies. 15 This suggests the need for the sonographer to consider vertebrobasilar vasQspasm as being present at various FVs with varying degrees of confidence. Such an approach is supported by the finding of a statistically significant inverse relation between FV and severity of vasospasm for both VAs and BAs. We therefore propose the following criteria for the diagnosis of vertebrobasilar vasospasm. It may be prudent to consider the diagnosis of VA vasospasm as possible at £55 cm/s, probable at £60 cm/s, and presumed definite at £80 cm/s. In addition, the diagnosis of BA vasospasm may be considered as possible at £60 cm/s, probable at £80 cm/s, and presumed definite at £95 cm/s, respectively. Recent data suggest that pathological FV elevations consistent with possible, probable, and presumed definite vasospasm in the VA and BA may occur in 65% and 75%, 57 59% and 48%, 57 and 28% 57 and 29% (M.S., unpublished data, 1994), respectively. These recommendations should be viewed with some caution, since they are based on observations from a relatively small number of patients that reflects a sample from 42 of 139 (30%) SAH patients seen during the study period. Additional studies to confirm or refute these findings are encouraged.
The present study raises additional questions about the use of TCD to diagnose vertebrobasilar vasospasm after SAH. While TCD can detect vertebrobasilar vasospasm with a high degree of precision, little information exists on the relation between clinical manifestations of vertebrobasilar vasospasm and TCD/angiographic findings. 16 -19 It is not yet known whether development of a posterior circulation FV ratio, conceptually similar to the Lindegaard ratio (middle cerebral artery velocity to distal extracranial internal carotid artery velocity), 13 -52 -58 -59 three-dimensional TCD mapping, 60 or use of non-contrast-enhanced 6 1 6 4 and contrast-enhanced 65 ' 66 transcranial color-coded sonography can improve TCD detection of vertebrobasilar vasospasm. Future research should address these issues to maximize the value of TCD in this setting. Status   TP   TP   TP   FN   TP   TN   TP   TN   TP   TP   TN   TN   FP   TN   TN   TN   TN   FP   TN   TN   FP   TN   TN   TN   TP   TN   TP   TN   TN   TN   FN   TP   FP   TN   FP   TN   TN   TN   FP   TN   FN   TN   For abbreviations see Table 3 . 
